The anaerobic bacterium Clostridium difficile is the etiologic agent of pseudomembranous colitis. C. difficile toxins TcdA and TcdB are UDP-glucosyltransferases that monoglucosylate and thereby inactivate the Rho family of GTPases (W. P. Ciesla, Jr., and D. A. Bobak, J. Biol. Chem. 273:16021-16026, 1998). We utilized purified reference toxins of C. difficile, TcdA-10463 (TcdA) and TcdB-10463 (TcdB), and a model intestinal epithelial cell line to characterize their influence on tight-junction (TJ) organization and hence to analyze the mechanisms by which they contribute to the enhanced paracellular permeability and disease pathophysiology of pseudomembranous colitis. The increase in paracellular permeability induced by TcdA and TcdB was associated with disorganization of apical and basal F-actin. F-actin restructuring was paralleled by dissociation of occludin, ZO-1, and ZO-2 from the lateral TJ membrane without influencing the subjacent adherens junction protein, E-cadherin. In addition, we observed decreased association of actin with the TJ cytoplasmic plaque protein ZO-1. Differential detergent extraction and fractionation in sucrose density gradients revealed TcdB-induced redistribution of occludin and ZO-1 from detergent-insoluble fractions constituting "raft-like" membrane microdomains, suggesting an important role of Rho proteins in maintaining the association of TJ proteins with such microdomains. These toxin-mediated effects on actin and TJ structure provide a mechanism for early events in the pathophysiology of pseudomembranous colitis.
The anaerobic bacterium Clostridium difficile is the etiologic agent of pseudomembranous colitis. C. difficile toxins TcdA and TcdB are UDP-glucosyltransferases that monoglucosylate and thereby inactivate the Rho family of GTPases (W. P. Ciesla, Jr., and D. A. Bobak, J. Biol. Chem. 273:16021-16026, 1998). We utilized purified reference toxins of C. difficile, TcdA-10463 (TcdA) and TcdB-10463 (TcdB), and a model intestinal epithelial cell line to characterize their influence on tight-junction (TJ) organization and hence to analyze the mechanisms by which they contribute to the enhanced paracellular permeability and disease pathophysiology of pseudomembranous colitis. The increase in paracellular permeability induced by TcdA and TcdB was associated with disorganization of apical and basal F-actin. F-actin restructuring was paralleled by dissociation of occludin, ZO-1, and ZO-2 from the lateral TJ membrane without influencing the subjacent adherens junction protein, E-cadherin. In addition, we observed decreased association of actin with the TJ cytoplasmic plaque protein ZO-1. Differential detergent extraction and fractionation in sucrose density gradients revealed TcdB-induced redistribution of occludin and ZO-1 from detergent-insoluble fractions constituting "raft-like" membrane microdomains, suggesting an important role of Rho proteins in maintaining the association of TJ proteins with such microdomains. These toxin-mediated effects on actin and TJ structure provide a mechanism for early events in the pathophysiology of pseudomembranous colitis.
Clostridium difficile is an anaerobic bacterium that is a causative agent of antibiotic-associated diarrhea. Disease etiology is primarily linked to the bacterial production of two exotoxins referred to as toxins A and B. C. difficile toxins A and B, also referred to as TcdA-10463 (TcdA) and TcdB-10463 (TcdB), are large monomeric proteins toxins that have ϳ45% amino acid identity and have M r s of 308,000 and 270,000, respectively (50) . Although the precise mechanisms by which these toxins induce disease are incompletely understood, the intracellular targets of the toxins in epithelial cells have been well described. Both toxins disrupt the function of the Rho family of lowmolecular-weight GTP binding proteins including Rho, Rac, Cdc42, and Rap in the case of TcdA. They do so by using UDP-glucose as a cosubstrate and monoglucosylating these proteins (1, 10, 24, 25) . Since Rho, Rac, and Cdc42 play a crucial role in regulating the organization of the actin cytoskeleton (17) , their inactivation is associated with dysregulation of the cytoskeletal network. The C. difficile toxins have been previously documented to influence barrier function in intestinal epithelial cells (19, 20) . In addition, we have previously utilized a chimeric DC3B toxin that specifically ADP-ribosylates and inactivates Rho function without influencing Rac and Cdc42.
Incubation of epithelial cells with DC3B was associated with altered apical F-actin organization and disruption of epithelial barrier function (34) . While the molecular basis of these observations is not known, it is clear that the apical perijunction F-actin ring is closely associated with tight junctions (TJs) (31) . TJs play an important regulatory role in barrier function, and numerous proteins have been identified in this region. For example, occludin and claudin(s) are integral membrane proteins believed to associate with the apical perijunction F-actin ring via cytoplasmic plaque proteins such as ZO-1 (11, 13-15, 40, 47, 48) . The hyperphosphorylated form of occludin that is of high molecular weight (HO) is believed to represent a key functional component of the TJ (54) . Recent evidence suggests that the functional components of TJs partition into specific membrane microdomains (36) . Utilizing a differential detergent extraction and sucrose density gradient approach, we have recently shown that HO and ZO-1 reside in membrane microdomains with characteristics of membrane "rafts" or detergent-insoluble glycolipid rafts (DIGs) (36) . Such "Raft"-like membrane microdomains contain sphingolipid and cholesterol assemblies and serve to recruit specific membrane proteins. These cholesterol-enriched membrane domains have previously been defined on the basis of biochemical isolation properties and more recently by utilizing fluorescence resonance energy transfer microscopy and chemical cross-linking studies (2, 4, 5, 7, 12, 18, 41, 43, 49) . Other important cellular components associated with glycolipid rafts include signal trans-duction proteins and a 21 to 24-kDa scaffolding protein, caveolin. For example, we have recently observed that caveolin-1 focally coassociates with occludin in functionally intact TJs (36) .
From the above observations, it is clear that the relationship of structural elements of TJ with the actin cytoskeleton is complex and highly regulated. There is abundant evidence that key regulatory elements include both the heterotrimeric GTP binding proteins and the small GTP binding proteins of the Rho and Rab subfamilies (9, 23, 34, 52) . In this study we examined the effects of TcdA and TcdB on TJ structure and function in model T84 intestinal epithelial cells. Such studies will shed further light on the influence of Rho-inactivating toxins on TJ structure and function. T84 cells have phenotypic characteristics of crypt intestinal epithelial cells and form welldeveloped TJs when grown as a monolayer (33) . Incubation of T84 monolayers with TcdA or TcdB was associated with marked changes in F-actin organization and TJ disruption. A key cytoplasmic plaque TJ protein, ZO-1, was displaced from a Triton X-100 (TX-100)-insoluble raft containing membrane microdomain to a TX-100-soluble pool, and a decrease in high-molecular-weight occludin was observed following incubation of T84 monolayers with the TcdA and TcdB toxins. The TcdAB-induced effects on TJ structure and function were paralleled by disorganization of F-actin in the apical and basal poles of epithelial cells. The global disorganization of F-actin induced by TcdAB contrasts with the effects of another bacterial toxin, C3 transferase, which specifically ADP-ribosylates Rho and influences the apical F-actin pool and TJ function. Our results suggest that the TcdAB toxins either directly or indirectly influence TJ function and modulate both the membrane microdomain localization of TJ proteins and the affiliation of TJs with the underlying actin cytoskeleton.
MATERIALS AND METHODS
Cell culture and electrophysiology. T84 cells (ATCC CCL-248) were passaged and grown on collagen-coated permeable supports as previously described (33, 38) . Cells (passages 50 to 90) were grown in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium supplemented with 15 mM HEPES buffer (pH 7.5), 14 mM NaHCO 3 , 40 g of penicillin per ml, 8 g of ampicillin per ml, 90 g of streptomycin per ml, and 5% newborn calf serum.
C. difficile reference toxins TcdA-10463 (TcdA) and TcdB-10463 (TcdB) were purified and utilized for these studies (24, 25) . Monolayers were incubated with TcdA and TcdB in serum-free, antibiotic-free cell culture medium and applied to the apical and basolateral surfaces of epithelial cells. Control monolayers were incubated with serum-free, antibiotic-free cell culture medium only.
Transepithelial resistance to passive ion flow was measured as described previously (30, 37, 38, 44) . The apical and basolateral reservoirs of monolayers grown on filters were connected to calomel and Ag-AgCl electrodes via agar bridges. A voltage clamp was used to determine the voltage response to a current pulse of 25 A. Transepithelial resistance was then calculated using Ohm's law. Sieving characteristics of monolayers was examined by flux studies using the radiolabeled extracellular space marker mannitol (3.6 Å). [ 3 H] mannitol was added to the apical chamber of monolayers accompained by excess cold tracer to both sides of the monolayer. Fluid aliquots were obtained from the "cold" side every 20 min for 120 min under control (medium-only) and experimental (Tcdincubated monolayers) conditions. Samples were taken from the "hot" side of monlayers at the end of each experiment. Samples were then added to scintillation fluid and counted. The unidirectional flux, J, was determined by J ϭ dpm/(specific activity ϫ surface area ϫ incubation time) (32) .
Immunoprecipitation and Western blotting. ZO-1, actin, and occludin were immunoprecipitated from TcdB-incubated and control (medium-only) T84 monolayers with polyclonal antibodies (Zymed, Inc., and Sigma) and protein A-Sepharose, using solubilized cell lysate as described below. Briefly, monolayers grown to confluence on 5-cm 2 permeable supports were isolated by scraping with a Teflon spatula into Hanks balanced salt solution (HBSS) containing 1% noctylglucoside with protease inhibitors, followed by low-speed centrifugation (2,000 ϫ g; Beckman GS-6R centrifuge) for 10 min. Cell extracts were subsequently incubated with primary antibodies (ϳ10 g/ml) for 3 h at 4°C followed by protein A-Sepharose (Pharmacia, Piscataway, N.J.) (20 l of beads) for 3 h at 4°C. Immunoprecipitated proteins were denatured in sample buffer and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting using standard methods as previously described (21, 35) . Isolation of detergent-insoluble glycolipid rafts by sucrose gradient fractionation. T84 cells were grown on 45-cm 2 permeable supports (33) and incubated with or without TcdB (80 ng/ml) for 2 h in cell culture medium. Two confluent monolayers per condition were rinsed in HBSS, and cells were isolated by scraping with a Teflon spatula into HBSS containing 1% TX-100 and protease inhibitors (5 mM diisopropylfluorophosphate, 1.25 M phenylmethylsulfonyl fluoride, 10 g each of leupeptin and chymostatin per ml, 10ug/ml and 10 M aprotinin) and homogenized using a Dounce homogenizer. After the sucrose concentration of the lysate was adjusted to 40%, it was placed in the bottom of an ultracentrifuge tube and overlaid with a 5 to 30% (weight/weight) linear sucrose gradient as previously described (36) . The gradients were subjected to ultracentrifugation (19 h at 39,000 rpm at 4°C) in a Beckman SW41 rotor, fractionated, and analyzed for sucrose concentration, light scattering at 600 nm, and alkaline phosphatase activity by previously described procedures (5, 26, 41, 53) . Distribution of TJ proteins (ZO-1 and occludin) and the membrane raft (DIG)-associated protein caveolin-1 was determined by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and Western blotting. Antibodies to the above proteins were obtained from Zymed Inc., Transduction Labs, and Santa Cruz, respectively.
Immunofluorescence, immunogold labeling, and electron microscopy. Monolayers of T84 cells were washed in HBSS, fixed in ethanol at Ϫ20°C for 20 min, incubated with the respective primary antibodies to occludin, ZO-1, or ZO-2 for 60 min in a humidity chamber, washed, and incubated with fluorescein isothiocyanate-conjugated secondary antibodies (Jackson Labs). Monolayers mounted in p-phenylenediamine glycerol (1:1) were analyzed by confocal laser microscopy (Zeiss dual laser confocal microscope model 1510).
Monolayers were processed for electron microscopy and imaged as previously described (33) . For immunogold labeling, filter-grown confluent T84 monolayers were rinsed in HBSS and fixed with 3.7% paraformaldehyde-HBSS (PFA) for 10 min. Filters were progressively infiltrated with gelatin at 37°C to a final concentration of 10%. The gelatin was solidified on ice, and small pieces were cut from the filter, infiltrated with 2.1 M sucrose put on a stub, and frozen in liquid nitrogen, and ultrathin cryosections were collected on grids. The grids were subsequently incubated for 1 h each at room temperature with purified caveolin-1 polyclonal antibodies (1:20) and protein A-coupled 10-nm gold particles. The grids were rinsed, fixed in 4% PFA, and incubated with polyclonal antibody to occludin (1:400) for 1 h followed by protein A-coupled 15-nm gold particles for 1 h at room temperature. The grids were rinsed and incubated for 5 min on ice in 0.3% uranyl acetate-1.8% methylcellulose in tridistilled water (5 min at 4°C). Excess fluid was removed, and grids were air dried and analyzed. Controls included omission of primary antibodies.
RESULTS
C. difficile toxins enhance paracellular permeability in epithelial monolayers. We utilized previously characterized reference toxins. TcdA and TcdB, for our studies (24, 25, 51) . These toxins induced a profound drop in transepithelial resistance within 2 h (Fig. 1) . Dilution studies revealed a maximal fall in transepithelial resistance using 240 ng of TcdA per ml and 80 ng of TcdB per ml, suggesting that T84 cells are more sensitive to TcdB than to TcdA. The fall in transepithelial resistance was observed after application of TcdA or TcdB to either the apical or basolateral compartments. Time course experiments for the drop in transepithelial resistance were similar irrespective of apical or basolateral application of TcdAB. To determine if the drop in transepithelial resistance in toxin-treated monolayers (240 ng of TcdA per ml and 80 ng of TcdB per ml for 2 h) represented enhanced paracellular permeability, we undertook flux assays using radiolabeled mannitol. The cumulative transmonolayer flux of [ 3 H]mannitol was significantly enhanced by both TcdA and TcdB (Fig. 1B) , suggesting increased paracellular permeability. As mentioned above, we noted greater sensitivity of T84 cells to TcdB than to TcdA. These findings are in keeping with previous reports illustrating the influence of C. difficile toxins in other cell types (1, 6, 39) . In particular, these studies documented an enhanced sensitivity of native intestinal epithelium to C. difficile toxin B compared to toxin A (ϳ10 fold) and that TcdB-10463 is enzymatically more potent than TcdA-10463.
F-actin organization in both the apical and basal poles of epithelial cells is influenced by the C. difficile toxins. Given that TcdAB monoglucosylate and inactivate the actin regulating Rho proteins, we determined F-actin organization in T84 epithelial cells incubated with these toxins. Disruption of F-actin architecture was observed in parallel with the TcdAB-induced increase in paracellular permeability. Rhodamine phalloidin was utilized to highlight the F-actin organization. Representative en face confocal images of epithelial cells exposed to TcdB are shown in Fig. 2 . While control epithelial monolayers had organized F-actin in the apical brush border/perijunctional actin ring and basal stress fibers, the TcdB monolayers exhibited disorganization and disruption of normal F-actin architecture. As can be seen in Fig. 2 , both apical and basal F-actin structures were markedly altered by TcdB treatment. The earliest change in F-actin organization was observed within 1 h of TcdB incubation (80 ng of TcdB per ml). Such alterations were paralleled by a fall in transepithelial resistance. TcdA induced analogous effects on F-actin organization (data not shown).
Disassembly of tight junctions by the C. difficile toxins. Since TcdA and TcdB toxins enhanced paracellular permeability and induced disruption of apical F-actin, we determined the effect EFFECT OF C. DIFFICILE TOXINS ON TIGHT JUNCTIONSof these toxins on distribution of TJ and adherens junction (AJ) proteins. TJ proteins ZO-1, ZO-2, occludin, and the AJ protein E-cadherin in control (medium only) and Tcd-exposed monolayers were immunolocalized by confocal microscopy (Fig. 3) . In control monolayers, the TJ and AJ proteins immunolocalized as continuous rings. Following TcdB exposure, the TJ proteins were displaced from the lateral membrane of TJs. However, we observed no change in E-cadherin distribution. Analogous effects were seen with TcdA (data not shown).
Redistribution of TJ proteins occurred in parallel with disorganization of F-actin and a fall in transepithelial resistance. Western blot analysis of whole-cell lysates from control and Tcd-incubated monolayers, however, did not show any difference in the total cellular concentrations of TJ proteins, suggesting that these proteins were not degraded (data not shown).
TcdB modulates the association of the TJ protein ZO-1 with the actin cytoskeleton. Since the actin cytoskeleton is central in regulation of TJ function and is itself regulated by Rho proteins, we determined the influence of TcdB on association of a TJ protein. ZO-1, with actin by coprecipitation experiments (17, 28, 29, 31) . Actin immunoprecipiated from control (medium only) and TcdB-exposed monolayers was Western blotted with antibodies to the TJ cytoplasmic plaque protein ZO-1 and actin (Fig. 4) . Only trace amounts of ZO-1 were detected in actin immunoprecipitates of toxin-treated cells. Actin was detectable in ZO-1 immunoprecipitates from toxin-treated cells, although at much reduced levels compared to those in untreated controls. Taken together, these results suggest that incubation of T84 monolayers with TcdB decreases the coprecipitation of ZO-1 with actin.
The association of TJ proteins with membrane rafts (DIGs) is modulated by TcdB. Biochemical properties of TJ-associated proteins such as occludin and ZO-1 include TX-100 insolubility, which has been attributed to either association of protein complexes with the cytoskeleton or protein oligomerization (54). Alternatively, TX-100 insolubility has been shown to be a property of proteins that partition to membrane microdomains also referred to as "rafts" or DIGs (2, 5, 18, 27) . Utilizing differential detergent extraction and isopycnic sucrose density gradients, we recently documented a major pool of TJ proteins (HO and ZO-1) in raft-like membrane microdomains or DIGs (36) . Since the Tcd toxins influenced paracellular permeability and TJ disassembly, we examined the effects of the above C. difficile toxins on association of TJ proteins with membrane rafts (Fig. 5 and 6 ). Control (medium only) and TcdB-exposed (80 ng ⅐ ml Ϫ1 for 2 h) epithelial monolayers were scraped into buffer containing 1% TX-100, and low-density TX-100 insoluble complexes physically akin to membrane rafts were isolated by floatation on linear 5 to 30% (wt/wt) sucrose density gradients. In agreement with other reports (5, 41) , light density fractions containing TX-100-insoluble complexes (density of 1.08 g/cm 3 ) with light-scattering properties and enrichment in alkaline phosphatase activity were isolated (Fig. 5) . Alkaline phosphatase has been used as a marker of plasma membranes and due, to its glycosylphosphatidylinositol linkage, resides in membrane microdomains with characteristics of membrane rafts or DIGs. As can be seen in Fig. 5 , the light-scattering and alkaline phosphatase profiles were not significantly influenced by preexposure of epithelial cells to the TcdB toxin, suggesting that the toxin did not grossly alter the overall DIG characteristics. However, as shown in Fig. 6 , disassembly of TJs induced by TcdB incubation markedly influenced the recovery of ZO-1 and HO (72 to 79 kDa) in the DIG fractions. In particular, HO was significantly reduced and ZO-1 was displaced from the low-density fractions to the bottom of the gradient (high-density fractions) (Fig. 6) . Furthermore the above toxin-induced effects were TJ specific since TcdB treatment did not influence the partitioning of E-cadherin, a major component of the subjacent AJ. Analogous studies were performed to examine the influence of TcdA, and similar results were obtained (data not shown).
Effects of Tcd on the ultrastructure of TJs. Ultrastructural studies were undertaken to analyze influence of the C. difficile toxins on TJs. In agreement with our immunofluorescence results, treatment of T84 monolayers with TcdAB resulted in   FIG. 3 . Organization of tight junction structural proteins is influenced by C. difficile toxins. TJ proteins (ZO-1, ZO-2, and occludin) and AJ protein (E-cadherin) in control (medium only) or TcdB-exposed (2 h) monolayers were localized by immunofluorescence labeling and confocal microscopy. En face images in the apical region of epithelial cells reveal a normal "chicken wire" pattern of staining for ZO-1 (A), ZO-2 (C), and occludin (E) at TJs of control monolayers. TcdB exposure induced the displacement of ZO-1 (B), ZO-2 (D), and occludin (F) from the lateral membrane. However, distribution of E-cadherin in control monolayers (G) was indistinguishable from that in TcdB-exposed monolayers (H). Representative data from six individual experiments are shown. alteration of TJ ultrastructure (Fig. 7) . Specifically, the peak Tcd-induced increase in paracellular permeability at a 2-h time point was accompanied by an initial loss of TJ membrane fusions ("kisses") and subsequently by complete loss of TJ architecture.
Since a subpopulation of DIGs contain a transmembrane scaffolding protein, caveolin (reviewed in reference 18 and by R. G. Parton and K. Simons, Comment, Science 269: 1398-1399. 1995), that ocally colocalizes with occludin (36), we examined the influence of TcdB on the occludin-caveolin association in TJs by immunogold labeling and electron microscopy ( Fig. 7, panels II) . As can be seen, TcdB-induced TJ disassembly was associated with internalization of occludin (larger [15-nm] Influence of TcdB on association of TJ proteins with "raft like" membrane microdomains: Control (medium only) (C) and TcdBexposed epithelial monolayers (90 cm 2 /condition) were isolated at 4°C in the presence of 1% TX-100 and separated in a linear 5 to 30% (weight/weight) sucrose gradient, and 0.5-ml fractions were analyzed. The profiles of light scattering at an optical density of 600 nm (OD 600 nm) and membrane alkaline phosphatase activity of the gradient fractions are shown. TX-100-insoluble complexes in 22% Ϯ 2% sucrose (1.08 g/cm 3 ) from control monolayers of cells exhibit peak light scattering at 600 nm and have prominent alkaline phosphatase activity. Significant changes in these profiles were not observed following incubation with TcdB for 2 h. Representative data from three individual experiments are shown.
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EFFECT OF C. DIFFICILE TOXINS ON TIGHT JUNCTIONSmembrane, consistent with the immunofluorescence results. Interestingly, occludin is seen in association with membranous structures containing caveolin-1 (small [10-nm] gold particles). These membranous structures are reminiscent of caveolin-containing DIGs (45) . Other areas were also identified where complete internalization of occludin was observed. Internalization of occludin from the lateral membrane in membranous structures in this manner could possibly implicate DIGs as a mechanism by which occludin could be recycled to the TJ membrane during the assembly of TJs.
DISCUSSION
C. difficile TcdA and TcdB are UDP-glucosyltransferases that inactivate the Rho family of small GTPases by their ability to monoglucosylate these proteins. These toxins have a profound influence on the epithelial lining of the intestine and are associated with the common disorder pseudomembranous colitis. In this condition, colonic colonization by C. difficile results in profuse diarrhea that correlates with the presence of yellow plaques or pseudomembranes on the colonic mucosal surface. Histologically, there is severe acute inflammation with crypt destruction and abundant epithelial damage. The composition of pseudomembranes consists of polymorphonuclear leukocytes, fibrin, and cellular debris released from the affected mucosa. In this report, we document TcdAB-induced disruption of TJ structure and function that is likely to be an early event in epithelial damage induced by these toxins. In particular, we demonstrate that C. difficile toxin incubation results in decreased association of ZO-1 with the actin cytoskeleton and with TX-100-insoluble membrane microdomains. Such changes are accompanied by a diminished pool of high-molecular-weight occludin and internalization of occludin from the lateral TJ membrane.
The purified C. difficile toxins A and B used in our studies mediate global changes in F-actin architecture in both the apical and basal poles of T84 epithelial cells. The apical perijunction F-actin ring affiliates and regulates TJ function (29, 32) . Thus, it is not surprising that disruption of this F-actin pool is associated with enhanced paracellular permeability. We have previously utilized C3 transferase from Clostridium botulinum to examine Rho protein function in intestinal epithelial cells. C3 transferase specifically ADP-ribosylates Rho, thereby influencing Rho effector coupling. Unlike the C. difficile toxins A and B, C3 does not modify other members of the Rho family, Rac and Cdc42. In our system, C3 transferase influences only the apical pool of F-actin in addition to inducing enhanced paracellular permeability and redistribution of ZO-1 (34). The results of our studies with the C. difficile and C3 toxins are in agreement with the results of studies of other cell types documenting a central role of Rho proteins in organizing polarized complexes of F-actin (22, 23) . Taken together, these results support the concept that the Rho family of GTP binding proteins are central in determining the organization of F-actin and TJs in epithelial cells.
In addition to the prominent reorganization of F-actin, exposure of our epithelial monolayers to C. difficile toxins results in disruption of TJs and reduced association of ZO-1 with actin. The molecular mechanisms that underlie these prominent changes are not clear. Disorganization of apical F-actin and disruption of TJ function and structure occur in the same time frame. Such results provide additional support to the notion that the apical F-actin-TJ link is vital for regulation of paracellular permeability in epithelial cells.
Recent studies suggest organization of HO and ZO-1 in membrane raft-like structures, also referred to as DIGs, which are central to TJ function (36) . Features of these microdomains include TX-100 insolubility, a buoyant density of ϳ1. 08   FIG. 6 . C. difficile toxin B influences the distribution of TJ proteins occludin and ZO-1 in TX-100-insoluble raft-like membrane microdomains. Sucrose gradient fractions from epithelial monolayers described in the legend to Fig. 5 were analyzed by immunoblotting for the TJ proteins occludin and ZO-1. Lanes I, II, and III represent fractions taken from the top of the gradient (Ͻ20% sucrose, one lane shown), peak light-scattering fractions (ϳ22% sucrose containing DIG fractions, two lanes shown), and representative fractions from the bottom of the gradients (Ͼ30% sucrose, four lanes shown), respectively. For occludin distribution; multiple bands ranging from 65 to 79 kDa were observed. While the low-molecular-mass species (ϳ65 to 71 kDa) was distributed in both the low-and high-density sucrose fractions, the high-molecular-mass species (ϳ72 to 79 kDa [arrow]) was observed in the low-density (ϳ22 to 24%) TX-100-insoluble sucrose fractions. Preexposure of epithelial monolayers to TcdB and disassembly of TJs resulted in a decrease in high-molecular-mass occludin in the lightscattering fractions. For ZO-1 distribution, Western blots of gradient fractions from control epithelial monolayers revealed a major pool of recoverable ZO-1 in raft-containing low-density fractions (panel II, arrow) compared to the high-density fractions in the bottom of the gradient. Following exposure to TcdB (80 ng/ml for 2 h), ZO-1 redistributed predominantly to the high-density sucrose fractions (panel III, arrow). A broad nonspecific band at ϳ150 to 170 kDa that does not represent ZO-1 staining was observed with the Zymed polyclonal antibody raised to a ZO-1 fusion protein. E-cadherin was distributed in both the low-density (panel II) and high-density (panel III) fractions, a pattern that was not influenced by the Tcd toxin. The above results are representative results from four individual experiments. OD 600nm, optical density at 600 nm. g/cm 3 , and enrichment in sphingolipids and cholesterol. Such DIG-like membrane microdomains appear to be central in many signaling pathways that originate from the cell surface (2, 27, 41) . These compartments are enriched in a diverse array of signal transduction proteins. Thus, given the dynamic regulation of TJs, it is not surprising that its structural components are enriched in raft-like membrane microdomains. We had hypothesized that TJs contain numerous DIG-like membrane microdomains that constitute the sealing elements of TJs. Association of DIG proteins with the underlying actin cytoskeleton could act to organize TJ DIGs in beaded, linear assemblies, such as observed in freeze fracture electron microscopy (3, 16, 42, 46) . The diminished association of occludin and ZO-1 with DIG-like membrane microdomains after exposure to TcdB supports a role of the Rho family of proteins in maintaining an affiliation of TJ proteins with such membrane microdomains.
In summary, from these data and those of others, it can be inferred that TcdA and TcdB mediate their effects on TJ structure and function via inactivation of Rho proteins. We demonstrate that exposure of epithelial monolayers to TcdA and TcdB results in disruption of both TJs and the actin cytoskeleton in parallel with a reduction in the association of ZO-1 with actin. It is clear that the apical aspect of the actin cytoskeleton is central in the regulation of TJ structure and function (28, 31, 33) . Furthermore, the apical pool of F-actin is regulated by Rho proteins, as has been shown for Rho using C3 transferase (34) . Since it is well established that TcdA and TcdB also specifically inactivate Rho protein family members by monoglucosylation (24, 25, 50) , it is reasonable to assume that the effects of the toxin on apical actin structure and TJ morphology may result from Rho inactivation. However, since TcdAB also inactivate other Rho-related proteins, the contribution of these additional Rho family members to TJ structure and function is less clear. A better understanding of molecular mechanisms of TcdAB will provide insights into the role of small GTP binding proteins in barrier function and the pathophysiology of pseudomembranous colitis. EFFECT OF C. DIFFICILE TOXINS ON TIGHT JUNCTIONS
